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time-interleaved control circuit configured to generate the
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CIRCUIT, AN INTEGRATED CIRCUIT, A
TRANSMITTER, A RECEIVER, A
TRANSCEIVER, A METHOD FOR
GENERATING A PROCESSED OSCILLATOR
SIGNAL, AN APPARATUS FOR
GENERATING A PROCESSED OSCILLATOR
SIGNAL, AND SOFTWARE-RELATED
IMPLEMENTATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to German Application
number 102014113951.8, filed on Sep. 26, 2014, the con-
tents of which are herein incorporated by reference in its
entirety.

FIELD

The present disclosure relates to a circuit, an integrated
circuit, a transmitter, a receiver, a transceiver, a method for
generating a processed oscillator signal, an apparatus for
generating a processed oscillator signal and corresponding
software-related implementations.

BACKGROUND

In many transmitter, receiver or transceiver applications,
a local oscillator (LO) signal is used, for instance, for
up-mixing or down-mixing a signal to be transmitted or
received, respectively. In many of these applications, differ-
ent transmission techniques, for instance different radio-
based transmission techniques, are used to transmit, receive
or exchange data. For instance, mobile devices operating in
a cellular network may not only communicate inside the
specific network, but also transmit, receive or exchange data
using other, only locally available radio-based transmission
access points.

In some of these applications, the different transmission
technologies available may even be used simultaneously, for
instance, to transmit, receive or exchange data, for synchro-
nizing calendars, notes or other pieces of information, while
at the same time programs, applications or other data may be
downloaded from a server. Moreover, in the case of cellular
phones, during transmitting, receiving or exchanging data,
telephone conversations may be held.

Since many of these different transmission technologies
operate in different frequency bands or at different wave-
lengths, several local oscillator signals may have to be
provided having different frequencies, sometimes even at
the same time. Implementing several oscillator circuits pro-
viding different local oscillator signals simultaneously may
cause unwanted coupling effects and may result in compa-
rably large and complex implementations. DTC-based
(DTC=digital-to-time converter) implementations may be
used, which may rely on a smaller number of oscillator
circuits. However, with increasing operation frequencies,
the complexity and accuracy of control circuits for control-
ling the digital-to-time converters may become more com-
plex due to the higher operation frequencies necessary to
operate them.

SUMMARY

Therefore, a demand exists to simplify a corresponding
DTC-based implementation.
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2

This demand may be satisfied by a circuit, an integrated
circuit, a transmitter, a receiver, a transceiver, a method for
generating a processed oscillator signal, an apparatus for
generating a processed oscillator signal or a software-related
implementation according to any of the independent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Some examples of circuits, apparatuses and/or methods
will be described in the following by way of example only.
In this context, reference will be made to the accompanying
Figures.

FIG. 1 shows a block diagram of a DTC-based local
oscillator signal generator;

FIG. 2 shows a simplified block diagram of an example of
a circuit comprising a digital-to-time converter and a time-
interleaved control circuit;

FIG. 3 shows a block diagram of a further example of a
circuit comprising a digital-to-time converter and a time-
interleaved control circuit;

FIG. 4 shows a more detailed block diagram of an
example of a circuit comprising a digital-to-time converter
and a time-interleaved control circuit comprising N=2 poly-
phase circuits;

FIG. 5 shows a simplified block diagram of an example of
an integrated circuit;

FIG. 6 shows a simplified block diagram of an example of
a receiver, a transmitter or a transceiver; and

FIG. 7 shows a flowchart of a method for generating a
processed oscillator signal based on an oscillator signal.

DETAILED DESCRIPTION

Various examples will now be described more fully with
reference to the accompanying drawings in which some
examples are illustrated. In the figures, the thicknesses of
lines, layers and/or regions may be exaggerated for clarity.

Accordingly, while examples are capable of various
modifications and alternative forms, the illustrative
examples in the figures and will herein be described in
detail. It should be understood, however, that there is no
intent to limit examples to the particular forms disclosed, but
on the contrary, examples are to cover all modifications,
equivalents, and alternatives falling within the scope of the
disclosure. Like numbers refer to like or similar elements
throughout the description of the figures. Moreover, sum-
marizing reference signs will be used to refer to more than
one structure, element or object or to describe more than one
structure, element or object at the same time. Objects,
structures and elements referred to by the same, a similar or
a summarizing reference sign may be identically imple-
mented. However, one, some or all properties, features and
dimensions may also vary from element to element.

It will be understood that when an element is referred to
as being “connected” or “coupled” to another element, it can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an
element is referred to as being “directly connected” or
“directly coupled” to another element, there are no inter-
vening elements present. Other words used to describe the
relationship between elements should be interpreted in a like
fashion (e.g., “between” versus “directly between,” “adja-
cent” versus “directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular examples only and is not intended to be
limiting of examples. As used herein, the singular forms “a,”
“an” and “the” are intended to include the plural forms as
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well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises,” “compris-
ing,” “includes” and/or “including,” when used herein,
specify the presence of stated features, integers, steps,
operations, elements and/or components, but do not preclude
the presence or addition of one or more other features,
integers, steps, operations, elements, components and/or
groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which examples belong. It will be further understood that
terms, e.g., those defined in commonly used dictionaries,
should be interpreted as having a meaning that is consistent
with their meaning in the context of the relevant art and will
not be interpreted in an idealized or overly formal sense
unless expressly so defined herein.

In many fields of our daily lives, the access to informa-
tion, the availability of transmitting data or exchanging data
or communicating in general with another person or a
computer-based system becomes more and more important.
For instance, the availability of accessing the internet,
e-mails or other communication systems becomes more and
more of a natural part of our lives, which is used for both
personal and business applications. Moreover, also in other
fields of our modern society, the availability of data and the
possibility of communicating with other individuals, groups
of individuals or computer-based systems play an important
role.

While in the past most of the communication was cable-
bound, wireless communication systems become more and
more available and an everyday asset. For instance, mobile
computing devices including, for instance, laptop comput-
ers, notebooks, tablet computers, personal data assistants,
smartphones and cellphones, to name a few examples,
provide the availability to access data or to communicate
with other devices using wireless communication technolo-
gies. Other examples include peripheral devices such as
headsets, cars, printers, scanners and other devices often
allowing obtaining or even exchanging data by using wire-
less communication schemes. Many of these wireless com-
munication schemes and technologies are radio-based
including, for instance, examples such as first, second, third,
fourth or fifth generation cellular communication technolo-
gies, but also non-cellular based radio-based technologies,
which may allow access to an access point from a closer
vicinity only. Examples include, for instance, near-field
communication (NFC), RFID-based access to data
(RFID=radio-frequency identification) and wireless local
area network (WL AN) access technologies.

In many of these technologies and schemes but also in
other communication schemes including, for instance,
cable-bound transmission schemes, the data to be transmit-
ted are modulated onto a local oscillator (LO) signal. In
other technologies, a local oscillator signal may be used in
an unmodulated way, for instance, to provide a clocking
signal, a common time basis or for other purposes.

In many applications, not only a single communication
technology is employed, but the corresponding device may
be able to communicate with other devices or systems using
more than just a single transmission technology. Often, these
different technologies are based on different frequency
ranges, which may require providing more than one local
oscillator signal having, for instance, different frequencies.
Since some devices may be capable of operating and trans-
mitting, receiving and/or exchanging data and other infor-
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4

mation using different technologies simultaneously, it may
even be necessary to provide the different local oscillator
signals at the same time.

Although in the following applications based on radio-
frequency (RF) signals will be described, which may be used
for transmitting, receiving or exchanging data using a radio-
based transmission technologies, examples are by far not
restricted to this field of application.

The generation of modulated and/or unmodulated radio-
frequency carrier signals may be based on digital-to-time
converters (DTCs), which are becoming a more and more
attractive implementation for providing different local oscil-
lator signals. For instance, in the case of digital-intensive
solutions for multi-standard RF-based transmitters, receiv-
ers or transceivers, multiple local oscillator signals may be
provided or generated by a single radio-frequency oscillator
circuit driving multiple DTCs. An oscillator circuit may be
implemented, for instance, by using phase-locked-loop tech-
nology (PLL technology) such that in the previously-men-
tioned digital-intensive applications, a single radio-fre-
quency digital PLL (RF-DPLL) may be used to drive more
than one DTC. Such a solution may be area-efficient.

When the corresponding oscillator comprising a single
reference oscillator comprising magnetically active compo-
nents such as coils, inductances or the like, and yet drive
more than one PLL or digital PLL (DPLL), it may even be
possible to reduce or even avoid magnetic coupling issues
present in contemporary multiple DPLL solutions compris-
ing more than just one reference oscillator.

To illustrate this, FIG. 1 shows a simplified block diagram
of a circuit 100 capable of generating a local oscillator (LO)
signal. The circuit 100 comprises an oscillator 110 coupled
to a digital-to-time converter 120 (DTC), which receives
from the oscillator 110 an oscillator signal. The DTC 120
generates at an output a processed oscillator signal based on
the oscillator signal received from the oscillator 110 in
response to a control signal received by a control circuit 130.
The processed oscillator signal as generated or provided by
the DTC 120 may be used, for instance, as a local oscillator
(LO) signal.

The DTC 120 may generate the processed signal to
comprise a predetermined phase relationship with respect to
the oscillator signal generated by the oscillator 110. The
predetermined relationship may be determined by the con-
trol signal as provided by the control circuit 130. For
instance, the DTC 120 may act as a delay circuit to delay an
edge of the oscillator signal by an amount of time deter-
mined by the control signal as provided by the control circuit
130.

Although all examples and circuits described here may
equally well be implemented based on analog signals having
an essentially continuous range of values and having an
essentially continuous resolution over time, in the following,
examples will be described in which the oscillator signal as
well as the processed oscillator signal will be a digital signal
assuming essentially two or more discrete signal levels. The
discrete signal levels may be equally spaced or may follow
another quantization rule, for instance, a logarithmic quan-
tization in the case of more than two signal levels being
implemented. In between, the oscillator signal or the pro-
cessed oscillator signal assuming another signal level, the
oscillator signal or the processed oscillator signal may
comprise an edge or transition.

By suitably controlling the DTC 120, it may be possible
to alter the frequency of the oscillator signal as generated by
the oscillator 110. In this case, the processed oscillator signal
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as generated by the DTC 120 may comprise a frequency
different from the frequency of the oscillator signal provided
by the oscillator 110.

To control the frequency of the processed signal, the
control circuit 130 may be provided with a frequency offset
signal, which may, for instance, be a constant or a quasi-
constant signal. The frequency offset signal may be provided
to an integrator 140 indicated in FIG. 1 by “z'/(1-z71)".
The integrator 140 provides at an output a phase ramp
signal, which may be provided to an optional adder 150,
which may be implemented in context with an optional noise
shaper or noise shaping circuit 160. The noise shaper 160
may be configured to generate a dither signal, which is
superimposed with the phase ramp signal generated by the
integrator 140. Here, the dither signal is subtracted from the
phase ramp signal by the adder 150. The phase ramp signal
in its superimposed form may then be fed back to the noise
shaping circuit 160 in full or only partially. For instance, as
indicated in FIG. 1, only a part of a digital representation of
the phase ramp signal 150 may be fed back to an input of the
noise shaping circuit 160 such that the signal fed back may,
for instance, comprise the least significant bit or the least
significant bits (LSBs).

Since the DTC 120 may not be fully linear, it may be
advisable to implement a correction circuit 170, which may,
for instance, comprise a look-up table (LUT) to modity the
phase ramp signal to obtain the control signal for the DTC
120. Optionally, the correction circuit 170 may only be
provided with a part of the phase ramp signal provided by
the integrator 140 optionally in its superimposed form. For
instance, a digital representation of the phase ramp signal
received and processed by the correction circuit 170 may
comprise a lower number of bits than the total number of the
digital representation of the phase ramp signal. The data
provided by the correction circuit 170 may be based on a
successional number of bits comprising the most significant
bit of the most significant bits (MSBs).

The noise shaping circuit 160 may optionally comprise a
further correction circuit 180 coupled to the integrator 150
to receive the phase ramp signal in its superimposed form.
The further correction circuit 180 may be configured to
correct non-linearities of the DTC 120 similar to the cor-
rection circuit 170. Accordingly, the further correction cir-
cuit 180 may comprise a second look-up table (LUT2) as
indicated in FIG. 1.

The further correction circuit 180 may be coupled to a
filter 190, which implements a filter function H(z) used to
perform the noise shaping on the phase ramp signal. To be
a little more precise, in the example depicted in FIG. 1, the
filter 190 generates the dither signal, which is then super-
imposed with the phase ramp signal provided by the inte-
grator 140.

In the example of the digital control block for the DTC-
based local oscillator generation depicted in FIG. 1, the
desired local oscillator frequency is generated by applying a
code ramp in the form of the control signal to input of the
DTC 120. The code ramp or phase ramp signal is obtained
by integrating the constant digital word indicating the fre-
quency offset (frequency offset signal). The noise shaping
circuit 160 may be used to shape the DTC quantization noise
to frequencies, where spectral mask requirements may be
relaxed. In the example depicted here, the look-up table of
the correction circuit 170 and a similar error table in the
form of the second look-up table of the further correction
circuit 180 may be used to correct for DTC non-linearities.

In the example depicted here, the processed oscillator
signal or, in other words, the local oscillator signal, is fed
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back to the control circuit 130 to clock the control circuit
130, as indicated in FIG. 1 by “clk @ f;,,”. In other words,
the control circuit 130 is clocked at the frequency {; , of the
local oscillator. As a consequence, the input of the DTC 120
is updated also at the rate of the local oscillator. Using a
lower rate may violate spectral mask requirement since large
signal images may occur, when the updates are performed at
a lower rate.

When the desired local oscillator frequency {; , becomes
larger, the digital control block of a DTC 120 for the local
oscillator generation as depicted in FIG. 1 may require the
control circuit 130 to be also operated at the corresponding
higher frequency. For instance, when the desired local
oscillator frequency is in the multi-Gigahertz (multi-GHz)
range, the control circuit 130 may need to be designed in
high-speed custom digital logic, which may require circuit
optimizations and careful layout designs to meet the timing
requirements or other parameters. Applications with fre-
quencies in the multi-Gigahertz range come, for instance,
from LTE mid-bands, where the local oscillator is in the
range between 2 and 3 GHz. Under these conditions, even
pipelining may represent a significant challenge at these
high frequencies, particularly when using low-leakage pro-
cesses. As a consequence, the design of the digital control
circuit 130 may add significant effort and risk to the overall
DTC system design.

As will be outlined in more detail below, using a circuit
according to an example may help to relax timing require-
ments so that the digital block or control circuit may be
implemented in standard cells and designed using automated
place-and-route techniques, which may be used in radio-
frequency digital synthesis.

A basic principle of examples is generating the digital
control signal for the digital-to-converter in a time-inter-
leaved manner. This may allow relaxing the timing require-
ments. A time-interleaved architecture may be obtained by
decomposing the digital signal processing blocks into their
polyphase components or circuits. However, the compo-
nents may be interconnected or cross-coupled. However, the
components may be clocked at a lower rate than the rate of
the intended processed oscillator signal or, in other words,
lower than the local oscillator rate. Yet, the digital input of
the digital-to-time converter may be updated at the higher
frequency of the processed oscillator signal or, in other
words, at the local oscillator rate by sequentially selecting
the polyphase component in the proper phase.

FIG. 2 shows a simplified block diagram of a circuit 200
according to an example. As described in the context of FIG.
1, the circuit 200 comprises a digital-to-time converter 210
(DTC) and a time-interleaved control circuit 220. The con-
trol circuit 220 is configured to generate a control signal CS
to the DTC 210 based on a time-interleaved technique. The
DTC 210 is configured to receive an oscillator signal OS and
to generate a processed oscillator signal POS based on the
received oscillator signal OS in response to the control
signal CS. The processed signal may, for instance, be used
as a local oscillator (LO) signal.

The DTC 120 may cause the oscillator signal OS being
delayed by an amount of time specified by the control signal
CS as explained in the context of FIG. 1. Therefore, in
response to the control signal CS, the processed oscillator
signal POS and the oscillator signal OS comprise a prede-
termined phase relationship with respect to each other. By
changing the control signal CS, the phase relation between
the processed oscillator signal POS and the oscillator signal
OS may be changed.
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An important aspect of the example of the circuit 200 as
depicted in FIG. 2 is to generate the digital control signal CS
for the DTC 210 in a time-interleaved manner allowing to
operate the control circuit 220 at a rate lower than the
frequency of the processed oscillator signal PS or, in other
words, of the local oscillator frequency f; . In the example
depicted in FIG. 2, the control circuit 220 is configured to
receive a frequency offset signal FS and to generate a
plurality of N polyphase signals PS1, . . . , PSN each
corresponding to a phase shift with respect to the processed
oscillator signal POS. To allow the control circuit 220 to
generate the polyphase signals PSn with n being an integer
in the range between 1 and N, the control circuit 220
comprises a plurality of N at least partially cross-coupled
polyphase circuits 230-1, . . ., 230-N. Each of the polyphase
circuits 230 is configured to generate a polyphase signal
PSn.

The control circuit 220 is further configured to generate
the control signal CS by combining the polyphase signals
PSn in the proper phase. To do this, the control circuit 220
further comprises a multiplexer 240 configured to combine
the polyphase signals PSn by multiplexing the polyphase
signals PSn in the proper phase to generate the control signal
CS. As a consequence, it may be possible to operate the
multiplexer with the frequency of the processed output
signal POS or, in other words, the local oscillator frequency
f; - as indicated in FIG. 2 by “clk @ f, ", while the rest of
the control circuit 220, especially the polyphase circuits 230
operate at a lower frequency of f; ,/N as also indicated in
FIG. 2 (“clk @ f; ,/N”). As a consequence, it is possible for
the control circuit 220 to operate in terms of the polyphase
circuits 230 at a rate of the frequency of the local oscillator
f; , divided by the number N of polyphase components used
for interleaving. Nevertheless, to avoid the previously men-
tioned violations of spectral mask requirements, the phase of
the DTC 210 may be updated at the full rate of the frequency
of the local oscillator f;, as required. The control circuit
220, which may be implemented as a fully digital circuit,
decomposes the N polyphase components to process the
polyphase components by the individual polyphase circuits
230. Nevertheless, the components or polyphase circuits 230
may be interconnected or cross-coupled with one another
and are clocked at the lower rate f; ,/N. The multiplexer 240
selects the components in a sequential manner at the rate of
the local oscillator f; , updating the DTC phase at the rate of
the local oscillator.

In the following an implementation for time-interleaved
DTC control based on polyphase components will be
described for the case of a two-component time-interleaved
example, but can be easily extended to more components at
more general digital signal processing blocks.

The polyphase decomposition may in principle be per-
formed based on an arbitrary filter function H(z). For
instance, starting based on the filter function

a. H(Z)==,__"h(n)z™", M

a N-fold polyphase decomposition may be written as

b. HZ)=Z, o 2 *F (). )
F,(z) are referred to as the polyphase components and can
be expressed based on the filter function H(z) of Equation

(1) as
c. Fi(2)=2,__"E(n)z". 3)

Each of the addends of Equation (2) represents one of the
polyphase components, which have to be selected by the

25

40

45

55

60

65

8

multiplexer 240 in the right phase, so that the polyphase
components F,(z) form the corresponding filter function
H(z).

The polyphase components F,(z) depend, as Equation (3)
shows, on filter coefficients E,(n) which may be expressed
in terms of the filter coefficients h(n) of the original filter
function H(z) by

i. Ey(n)=h(Nn+k). (©)]

Each of these filter coefficients E (n) may be implemented
as an individual filter element in a circuit. These filter
elements may, for instance, adjust the signal strength by
multiplying the corresponding value of the signal by the
specified coefficient as defined by Equation (4). Along with
delay elements corresponding to the z-terms, the polyphase
components F,(z) may therefore be implemented as a filter.

In a more straightforward approach for generating a local
oscillator signal based on the circuit 100 of FIG. 1, the
outputs of two or more identical integrators 140 to two or
more identical noise shaping circuits 160 and adders 150 as
well as corresponding correction circuits 170, which run in
parallel, may be connected. Although it may be possible to
clock the adders 150, the noise shaping circuits 160 and the
correction circuits 170 at a lower rate than that of a local
oscillator, for instance, in the case of two parallel noise
shaping circuits 160, adders 150 and correction circuits 170
at half the rate of the local oscillator, the integrator 140 still
needs to run at the full local oscillator rate. Furthermore,
running two identical noise shaping circuits 160 in parallel
may yield a different noise transfer function than running
one noise shaping circuit at the full rate as indicated in FIG.
1. This may complicate not only the system specification but
also the implementation.

In contrast, as will be laid out in more detail below, in a
circuit 200 according to an example, the entire digital
control block or control circuit 220 comprising an integrator,
a noise-shaping circuit and a correction circuit may be
clocked at the corresponding lower rate compared to the rate
of the local oscillator. For instance, in the case of a two-fold
polyphase decomposition, these components may be
clocked at half the rate of the local oscillator. This may save
not only power and chip area, but may also allow imple-
menting the same noise transfer function. In other words, the
noise transfer function may be implemented unchanged.

FIG. 3 shows a more detailed block diagram of a circuit
200 according to an example. As mentioned before, the
circuit 200 once again comprises a digital-to-time converter
210 as well as a control circuit 220. The control circuit 220
once again comprises a plurality of polyphase circuits 230,
which are configured to receive the previously-mentioned
frequency offset signal FS. Again the polyphase circuits 230
generate polyphase signals PSn with n being an integer in
the range between 1 and N, which are provided to a
multiplexer 240, which in turn combines the polyphase
signals PSn to obtain the control signal by multiplexing. The
control signal CS is then provided to the DTC 210.

For the sake of simplicity only, the possible cross-cou-
plings between the polyphase circuits 230 have been omit-
ted. Naturally, as indicated earlier, the polyphase circuits
230 may be cross-coupled.

In contrast to the block diagram of FIG. 2, the block
diagram of FIG. 3 also shows an oscillator 250, which
comprises a single reference oscillator circuit 260 and one or
more phase-locked loop (PLL) circuits 270. Of all the PLL
circuits 270 are coupled to the reference oscillator circuit
260 to receive a reference clock signal based on which the
PLL circuits 270 provide one or more oscillator signals OS.
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The oscillator 250 may therefore be configured to generate
a plurality of oscillator signals OS comprising, for instance,
different frequencies or the like. The PLL circuits 270 may
be implemented as digital PLL circuits 270 (DPLL).

All the PLL circuits 270 are driven by a single reference
oscillator circuit 260. By reducing the number of reference
oscillator circuits 260, it may be possible to reduce an area
necessary to implement a circuit 200, to reduce the power
consumption of the circuit 200 and to allow a more stable
operation. For instance, the reference oscillator circuit 260
may comprise magnetically active components such as coils,
inductances or the like, so that implementing more than a
single reference oscillator circuit 260 may cause the differ-
ent reference oscillator circuits to magnetically influence
one another. By implementing a single reference oscillator
circuit 260 driving a single PLL circuit 270 or a the plurality
of PLL circuits 270, this source of disturbances may be
eliminated, leading to less disturbed oscillator signals.

The reference oscillator circuit 260 may, for instance,
comprise a voltage controlled oscillator (VCO), a digitally
controlled oscillator (DCO) or another controllable oscilla-
tor circuits. These circuits may, for instance, be coupled to
a crystal oscillator circuit, which may be compensated or
stabilized, for instance, with reference to temperature or
other environmental and/or operational parameters.

As described before, the DTC 210 is then capable and
configured to process the oscillator signal OS to generate the
processed oscillator signal POS based on the control signal
as provided by the control circuit 220.

While the multiplexer 240 may still operate at the fre-
quency of the processed output signal POS, the polyphase
circuits 230 may operate at a lower operation frequency, for
instance, equal to the frequency of the processed oscillator
signal POS divided by the number N of polyphase circuits
230 and, hence, by the number of polyphase components
used in the control circuit 220.

Each of the polyphase circuits 230 may comprise a
polyphase component integrator circuit, which are config-
ured to receive the frequency offset signal FS and to inte-
grate the received frequency offset signal to generate a
plurality of polyphase component phase ramp signals. The
plurality of the polyphase component integrator circuits 280
form an integrator similar to the integrator 140 of FIG. 1
configured to integrate the frequency offset signal FS.

The control circuit 220 further comprises a time-inter-
leaved noise shaping circuit 290 configured to generate a
plurality of polyphase component dither signals, which are
provided to a plurality of adders comprised in the polyphase
circuits 230 and coupled to the polyphase component inte-
grator circuits 280 to superimpose the polyphase component
dither signals with the polyphase component phase ramp
signals. As described in context with FIG. 1, the outputs of
the adders 300 are coupled to the noise shaping circuit 290
to close the feedback loop for noise shaping and to poly-
phase correction circuits 310 also comprised in their respec-
tive polyphase circuits 230. Once again the polyphase com-
ponent correction circuits 310 may comprise a look-up table
or another technique to correct the superimposed polyphase
component phase ramp signals for non-linearities of the
DTC 210.

In the example depicted in FIG. 3, the correction circuits
310 of the polyphase circuits 230 receive the phase ramp
signals in their superimposed form. In other words, they
receive the phase ramp signals after being superimposed
with a plurality of polyphase component dither signals
generated by the noise shaping circuit 290, which also
operates in a time-interleaved manner. However, in other
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examples, it is by far not necessary to implement a noise
shaping circuit 290 and, hence, the corresponding adders
300 of the polyphase circuits 230. In this case, the correction
circuits 310, which are optional components by themselves,
may receive the phase ramp signals generated by the inte-
grator circuits 280 in an un-superimposed form.

As described in context with FIG. 1, the noise shaping
circuits 290 also comprise further polyphase component
correction circuits also to correct non-linearities of the DTC
210 in the received polyphase component phase ramp sig-
nals. These further correction circuits 320 may also com-
prise a look-up table comprising data to correct the received
phase ramp signals based on calibration data of the DTC
210. Furthermore, the noise shaping circuit 290 comprises a
corresponding number of polyphase component filters 330,
which implement the filter function used for noise shaping
the polyphase component phase ramp signals as described
above.

However, since the noise shaping circuit 290 is also a
time-interleaved noise shaping circuit 290, it comprises a
corresponding number of further correction circuits 320 and
filters 330 for each of the polyphase components. Corre-
spondingly, the further polyphase component correction
circuits 320 together form a correction circuit capable of and
configured to correct the received polyphase decomposition
of the resulting phase ramp signal for non-linearities of the
DTC 210. Similarly, the individual polyphase component
filters 330 form a feedback filter used for noise shaping the
phase ramp signal.

It should be noted that in FIG. 3, once again for the sake
of simplicity only, the possible cross-couplings between the
different components, for instance of the polyphase compo-
nent filters 330 have been omitted. This is, however, only
done for clarity reasons.

Both, the further correction circuits 320 and the polyphase
component filters 330 represent optional components, which
are by far not required to be implemented even if a corre-
sponding noise shaping circuit 290 is implemented.

Although with respect to the Equations (1) to (4) in
principle all polyphase decompositions can be performed,
including implementing an integrator, which may be con-
sidered as a special form of filter, with respect to FIG. 4, a
possible implementation of a two-fold polyphase component
time-interleaved circuit 200 will be described in more detail
with respect to the block diagram shown in FIG. 4.

FIG. 4 shows a block diagram of a circuit 200 according
to an example, which resembles, with respect to its basic
layout, the block diagram of FIG. 2. The circuit 200 differs
from the one shown in FIG. 2 with respect to the number N
of polyphase components. While in the example depicted in
FIG. 2 the number of components is N, the circuit 200 of
FIG. 4 shows a two-fold polyphase component circuit 200
or, in other words, a circuit 200 with N=2 polyphase
components. Accordingly, the circuit 200 comprises two
polyphase circuits 230-1, 230-2, which are configured to
receive the frequency offset signal FS and to generate
corresponding first and second polyphase signals PS1, PS2,
respectively. The multiplexer 240 combines the two poly-
phase signals PS1, PS2 to generate the control signal CS,
which is provided to the DTC 210 to control the delay of the
processed oscillator signal POS with respect to the oscillator
signal OS provided to the DTC 210.

As depicted in FIG. 3, also the circuit 200 shown in FIG.
4 comprises polyphase component integrator circuits 280-1,
280-2, which are comprised in the first and second poly-
phase circuits 230-1, 230-2, respectively. It should be noted
that due to the layout of the block diagram shown in FIG. 4,



US 9,438,259 B2

11

the second integrator circuit 230-2 is depicted above the first
integrator circuit 280-1, although the rest of the polyphase
circuits 230-1, 230-2 are shown in the reverse arrangement.
The first polyphase component integrator circuit 280-1 is
configured to generate a first polyphase component phase
ramp signal, while the second polyphase component inte-
grated circuit 280-2 is configured to generate, correspond-
ingly, a second polyphase component phase ramp signal.
The first polyphase component integrator circuit comprises
an adder 340-1, which is configured to add the received
frequency offset signal FS to the second polyphase compo-
nent phase ramp signal generated by the second integrator
circuit 280-2. Here, the second integrator circuit 280-2 may
be directly coupled to the adder 340-1 of the first integer
circuit 280-1 to receive the second polyphase component
phase ramp signal.

The second integrator circuit 280-2 comprises an adder
340-2 configured to direct the received frequency offset
signal FS to the first polyphase component phase ramp
signal. It further comprises a delay circuit 350, which is
configured to delay an output of the adder 340-2 of the
second integrator circuit 280-2 by one clock cycle of the
frequency of the polyphase circuits. The delay circuit 350
generates the second polyphase component phase ramp
signal. The delay circuit may, for instance, be implemented
as a flip-flop or another corresponding circuit. The first
polyphase component integrator circuit 280-1 is once again
directly coupled to the delay circuit 350 of the second
polyphase component integrator circuit 280-2 to receive the
first polyphase component phase ramp signal.

As indicated in FIG. 4, the first integrator circuit 280-1 is
part of the first polyphase circuit 230-1, while the second
integrator circuit 280-2 is part of the second polyphase
circuit 230-2.

The two integrator circuits 280-1, 280-2 show how the
integrator 140 of the circuit 100 in FIG. 1 can be decom-
posed into its two-fold polyphase components. Since the
input of the integrator circuits 280-1, 280-2 is a constant or
quasi-constant signal comprising, for instance, the fre-
quency offset signal for the DCT 210, the input of both
adders 340-1, 340-2 is the same. As a consequence, in the
implementation here, input delays and down-samplers can
be omitted. Here, due to the constant or quasi-constant input,
the two adders 340-1, 340-2 and the delay element 350 may
be both running at half the rate f; /2 of the frequency {; , of
the local oscillator (LO) or—in other words—of the pro-
cessed oscillator signal POS.

The two integrator circuits 280 generate the time-inter-
leaved code ramp at the inputs of the multiplexer 240. The
inputs of the multiplexer 240 are selected alternately at the
full rate f; , of the local oscillator signal. As a consequence,
the entire code ramp is recovered at an output of the
multiplexer 240, which forms the control signal CS to be fed
to the DTC 210.

Likewise, also a noise shaping filter can be decomposed
into its two polyphase components. The noise shaping of the
polyphase component phase ramp signal generated by the
two integrator circuits 280-1, 280-2 may be done by apply-
ing the corresponding filter with a noise shaper transfer
function H(z) and corresponding impulse responses h(n).
Based on the Equations (1) to (4) for the special case of N=2,
the transfer function may be written as

d. Hz)=F (2227 1F, (D). ©)

Here F(z) is the transfer function of the sequence h(2n)
and F,(z) is the transfer function of the sequence h(2n+1) as
also indicated by Equations (3) and (4). Equation (5) rep-
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resents the transfer function H(z) at the full rate as the two
transfer functions Fy(z) and F,(z) at the half rate. For
example, when h(n)=[1 ¥4 % %i6], the transfer function F(z)
or h(2n) corresponds to [1 ¥&] and F,(z) or h(2n+1) corre-
sponds to [V4 Vis].

By interconnecting the polyphase decompositions, the
time-interleaved digital control block or control circuit 220
as depicted in FIG. 4 can be implemented. Accordingly, the
first and second polyphase circuits 230-1, 230-2, respec-
tively, comprise adders 300-1, 300-2, respectively, as well as
a time-interleaved noise shaping circuit 290. Similar to the
circuit 200 shown in FIG. 3, the noise shaping circuit 290
also comprises for the first polyphase circuit 230 a first
polyphase component filter 330-1 and, for the second poly-
phase circuit 230-2, a second polyphase component filter
330-2. The two polyphase component filters 330-1, 330-2
are coupled to the adders 300-1, 300-2, respectively, to
superimpose the polyphase component dither signals gen-
erated by the filters 330 with the phase ramp signals gen-
erated by the integrator circuits 280-1, 280-2, respectively.
Here, the dither signals are subtracted from the correspond-
ing phase ramp signals.

As will be described below, the polyphase component
filters 330 are also in this implementation at least partially,
to be a little more exact, here even fully cross-coupled.

The first polyphase component filter 330-1 is configured
to generate a first filter signal, while the second polyphase
component filter 330-2 is configured to generate a second
filter signal, which is generated by a first polyphase filter
element 360-1 of the second polyphase component filter
330-2. Both, the first and second filter signals are then
provided to a first adder 370-1 of the second polyphase
component filter 330-2, which combines the two filter sig-
nals to provide or generate a second polyphase component
dither signal to the adder 300-2 of the second polyphase
circuits 230-2. In the example depicted here, the first filter
signal is generated by a second polyphase filter element
360-2 of the first polyphase component filter 330-1.

The first polyphase component filter 330-1 is further
configured to generate a third filter signal generated by a
third polyphase filter element 360-3, while the second poly-
phase component filter 330-2 is configured to generate a
fourth filter signal, which is generated by a fourth polyphase
filter element 360-4 of the second polyphase component
filter 330-2. Both, the third and fourth filter signals are then
provided to a second adder 370-2 of the first polyphase
component filter 330-1, which combines the two filter sig-
nals to provide or generate a first polyphase component
dither signal to the adder 300-1 of the first polyphase circuit
230-1.

In the example depicted here, polyphase component filter
functions of the first and third polyphase filter elements
360-1, 360-3, respectively, are substantially equal. Both
filter elements 360-1, 360-3 represent a multiplication with
a factor Ey(z), as given by Equation (4). The polyphase
component filter function of the second filter element 360-2
essentially corresponds to a concatenation of a delay (z™')
and the polyphase component filter function E,(z) of the
fourth filter element 360-4. Hence, the filter function of the
fourth filter element 360-4 is substantially equal to E,(z)
according to Equation (4), while the filter function of the
second filter element 360-2 is substantially equal to z7'E, (z)
according to Equations (3) and (4).

As described in context with the circuit 200 of FIG. 3, the
noise shaping circuit 290 is coupled to the first and second
polyphase circuits 230-1, 230-2 behind the adders 300-1,
300-2 to receive the phase ramp signals. As a consequence,
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the noise shaping circuit 290 receives the polyphase com-
ponent phase ramp signals in the superimposed form or, in
other words, after being superimposed with their corre-
sponding polyphase component dither signals.

To counteract non-linearities of the DTC 210, the noise
shaping circuit 290 comprises further polyphase component
correction circuits 320-1, 320-2, which are coupled to the
first and second polyphase circuits 230-1, 230-2, respec-
tively. As described before, the further polyphase component
correction circuit 320 may comprise a look-up table LUT2,
which may comprise data to take non-linearities of the DTC
210 at least partially into account. The data comprised in the
look-up tables of the two further polyphase component
correction circuits 320 may be based on calibration data of
the DTC 210.

The outputs of the further polyphase correction circuits
320-1, 320-2 are then coupled to the inputs of the first and
second polyphase component filters 330-1, 330-2, respec-
tively. However, the correction circuits 320 as well as the
filters 330 represent optional components, which may or
may not be implemented along with the adders 300 of the
polyphase circuits 230.

To not only correct non-linearities of the DTC 210 in
terms of the noise shaping circuit 290, but also with respect
to the polyphase phase ramp signals, the polyphase circuits
230-1, 230-2 further comprise a polyphase component cor-
rection circuit 310-1, 310-2, respectively. Also, the correc-
tion circuits 310 may comprise a look-up table, may com-
prise calibration data of the DTC 210 to at least partially
counteract effects of non-linearities of the DTC 210.

Optionally, the correction circuits 310 may be configured
to use a digital representation of the corresponding poly-
phase component phase ramp signals comprising the most
significant bits, while the digital representation of the further
polyphase correction circuits 320 accepts the least signifi-
cant bits of a corresponding digital representation. This
optional implementation may reflect the fact that the noise
shaping circuit 290 may be mainly concerned with correct-
ing quantization errors which are more dominant in the
lower significant bits, while the actual phase ramp is deter-
mined by the more significant bits of the corresponding
digital representation. Therefore, the control signal CS and
the polyphase signals PS1, PS2 may be generated based on
the most significant bits.

In the example of a time-interleaved digital control for the
DTC-based local oscillator generation shown in FIG. 4, two
look-up tables and two error tables (LUT2) of the further
correction circuits 320 may be used to correct non-linearity
errors for both time-interleaved branches. However, here the
polyphase circuits 230 and, hence, the entire digital block
apart from the multiplexer 240 is running at the frequency
£, 6/2.

The multiplexer inputs are then selected alternatively at
the rate f;, so that the phase shifts of the DTC210 are still
generated at the local oscillator rate. Although the imple-
mentation shown in FIG. 4 may require more adders com-
pared to a solution in which the entire block is running at the
full local oscillator rate, it may still be possible to relax
timing constraints and, hence, simplify manufacturing of a
corresponding control circuit 220.

Circuits 200 may be used for DTC-based RF (RF=radio-
frequency) carrier generation for unmodulated or modulated
applications. Circuits 200 may be attractive for applications
with multimode radio frequencies, since this may lift the
need to implement several PLL circuits and/or digitally-
controlled oscillator circuits (DCO circuit) on a chip. For
instance, in a DTC-based system, it may be possible by
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implementing a circuit 200 according to an example to save
chip area for products, with, for instance, ten or even more
DCO coils.

FIG. 5 shows a simplified block diagram of an integrated
circuit 400 comprising a substrate 410 which may be a
semiconductor die. The substrate 410 comprises a circuit
200 as explained before, the output of which is coupled to
a mixer 420. The output of the circuit 200, at which the
processed oscillator signal POS is available, can be used as
a local oscillator (LO) signal for up-mixing or down-mixing
another signal by the mixer 420. A terminal 430 may also be
coupled to the multiplexer 420 to provide the signal to be
down-mixed to the mixer 420 or to obtain the up-mixed
signal from the mixer 420 and, for instance, to couple the
integrated circuit 400 to an antenna.

Naturally, FIG. 5 only shows an example of an integrated
circuit 400. Circuits 200 according to examples may also be
used in other non-wireless communication systems related
application scenarios.

FIG. 6 shows a simplified block diagram of a receiver
500, a transmitter 510 or a transceiver 520, which comprises
a circuit 200 as described before. At an output of the circuit
a mixer 420 may be coupled to receive the processed
oscillator signal POS. Moreover, the mixer 420 may be
coupled to an antenna 530 to receive or to provide a signal
to be processed by the mixer 420 or to transmit a processed
signal processed by the mixer 420, respectively.

Naturally, a circuit 200 may also be used in other fields of
applications concerning a receiver, a transmitter or a trans-
ceiver. Therefore, implementing the circuit 200 in the con-
text of a mixer 420 is by far not necessary.

FIG. 7 shows a flowchart of a method according to an
example for generating a processed oscillator signal POS
based on an oscillator signal OS. In a process P100 the
oscillator signal OS is received. In a process P110, a control
signal CS is generated based on a time-interleaved tech-
nique. In a process P120 the processed oscillator signal POS
is generated by using a DTC 210 delaying the received
oscillator signal OS in response to the control signal CS.

The processes are by far not required to be performed in
the indicated order of FIG. 7. The processes may be per-
formed in an arbitrary order, timely overlapping or even
simultaneously. Naturally, the processes may also be per-
formed several times, for instance in the form of a loop.

In the following examples pertain to further examples.

Example 1 is a circuit comprising a digital-to-time con-
verter configured to receive an oscillator signal and to
generate a processed oscillator signal based on the received
oscillator signal in response to a control signal, and a
time-interleaved control circuit configured to generate the
control signal based on a time-interleaved technique.

In example 2, the subject matter of example 1 may
optionally include the control circuit being configured to
receive a frequency offset signal and to generate a plurality
of polyphase signals, each polyphase signal corresponding
to a phase shift with respect to the processed oscillator
signal, wherein the control circuit is further configured to
generate the control signal by combining the polyphase
signals in the proper phase.

In example 3, the subject matter of any of the examples
1 or 2 may optionally include the control circuit being a fully
digital circuit.

In example 4, the subject matter of any of the examples
1 to 3 may optionally include the control circuit comprising
a plurality of at least partially cross-coupled polyphase
circuits, each polyphase circuit being configured to generate
a polyphase signal, and wherein the control circuit further



US 9,438,259 B2

15

comprises a multiplexer configured to combine the poly-
phase signals by multiplexing the plurality of polyphase
signals to generate the control signal in the proper phase.

In example 5, the subject matter of example 4 may
optionally include the multiplexer being configured to oper-
ate at a frequency of the processed oscillator signal, and
wherein the plurality of the polyphase circuits is configured
to operate at a frequency lower than the frequency of the
processed oscillator signal.

In example 6, the subject matter of example 5 may
optionally include the plurality of the polyphase circuits
being configured to operate at a frequency being equal to the
frequency of the processed oscillator signal divided by a
total number of the polyphase circuits of the plurality of
polyphase circuits.

In example 7, the subject matter of any of the examples
1 to 6 may optionally include the plurality of polyphase
circuits comprising a plurality of polyphase component
integrator circuits configured to receive a frequency offset
signal and to integrate the received frequency offset signal to
generate a plurality of polyphase component phase ramp
signals, wherein the plurality of polyphase component inte-
grator circuits form an integrator configured to integrate the
frequency offset signal.

In example 8, the subject matter of example 7 may
optionally include the plurality of polyphase component
integrator circuits comprising a first polyphase component
integrator circuit configured to generate a first polyphase
component phase ramp signal of the plurality of polyphase
component phase ramp signals and a second polyphase
component integrator circuit configured to generate a second
polyphase component phase ramp signal of the plurality of
polyphase component phase ramp signals, wherein the first
polyphase component integrator circuit comprises an adder
configured to add the received frequency offset signal to the
second polyphase component phase ramp signal.

In example 9, the subject matter of example 8 may
optionally include the second polyphase component integra-
tor circuit being directly coupled to the adder of the first
polyphase component integrator circuit to receive the second
polyphase component phase ramp signal.

In example 10, the subject matter of any of the examples
8 or 9 may optionally include the second polyphase com-
ponent integrator circuit comprising an adder configured to
add the received frequency offset signal to the first poly-
phase component phase ramp signal and a delay circuit to
configured to delay an output of the adder of the second
polyphase component integrator circuit by one clock cycle
of a frequency of the polyphase circuits, wherein the delay
circuit is configured to generate the second polyphase com-
ponent phase ramp signal.

In example 11, the subject matter of example 10 may
optionally include the first polyphase component integrator
circuit being directly coupled to the adder of the second
polyphase component integrator circuit to receive the first
polyphase component phase ramp signal.

In example 12, the subject matter of any of the examples
8 to 11 may optionally include a first polyphase circuit of the
plurality of polyphase circuits comprising the first polyphase
component integrator circuit, and wherein a second poly-
phase circuit of the plurality of polyphase circuits comprises
the second polyphase component integrator circuit.

In example 13, the subject matter of any of the examples
2 to 12 may optionally include the control circuit being
configured to process a constant or quasi-constant frequency
offset signal.
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In example 14, the subject matter of any of the examples
7 to 13 may optionally include the plurality of polyphase
circuits comprising a plurality of polyphase component
correction circuits coupled to the plurality of polyphase
component integrator circuits, wherein the plurality of poly-
phase component correction circuits is configured to receive
the polyphase component phase ramp signals and to adjust
the received polyphase component phase ramp signals to
obtain the plurality of polyphase signals, wherein the plu-
rality of polyphase component correction circuits is config-
ured to correct non-linearities of the digital-to-time con-
verter.

In example 15, the subject matter of example 14 may
optionally include the plurality of polyphase component
correction circuits comprising at least one look-up-table
comprising data to correct the received polyphase compo-
nent phase ramp signals based on calibration data of the
digital-to-time converter.

In example 16, the subject matter of any of the examples
14 or 15 may optionally include the plurality of polyphase
component correction circuits being configured to adjust the
received polyphase component phase ramp signals to obtain
the plurality of polyphase signals based on a successional
number of bits of a digital representation of the received
polyphase component phase ramp signals comprising the
most significant bit, wherein the number of bits is smaller
than an over-all number of bits of the digital representation.

In example 17, the subject matter of any of the examples
7 to 16 may optionally include the control circuit further
comprising a time-interleaved noise shaping circuit config-
ured to generate a plurality of polyphase component dither
signals, and wherein the plurality of polyphase circuits
further comprise a plurality of adders coupled to the plural-
ity of polyphase component integrator circuits and config-
ured to superimpose the plurality of polyphase component
phase ramp signals with the plurality of polyphase compo-
nent dither signals.

In example 18, the subject matter of example 18 may
optionally include the time-interleaved noise shaping circuit
being configured to operate at the frequency of the poly-
phase circuits.

In example 19, the subject matter of any of the examples
17 or 18 may optionally include the plurality of further
polyphase component correction circuits being configured to
process the received polyphase component phase ramp
signals based on a successional number of bits of a digital
representation of the received polyphase component phase
ramp signals comprising the least significant bit, wherein the
number of bits is smaller than an over-all number of bits of
the digital representation.

In example 20, the subject matter of any of the examples
17 to 19 may optionally include the time-interleaved noise
shaping circuit being configured to receive the plurality of
polyphase component phase ramp signals in the superim-
posed form and to generate the plurality of polyphase
component dither signals based on the received polyphase
component phase ramp signals in the superimposed form.

In example 21, the subject matter of example 20 may
optionally include 21 the time-interleaved noise shaping
circuit comprising a plurality of polyphase component noise
shaping circuits configured to generate the plurality of
polyphase component dither signals, wherein the plurality of
polyphase component noise shaping circuits form a noise
shaper.

In example 22, the subject matter of example 21 may
optionally include 22 the plurality of polyphase component
noise shaping circuits comprising a plurality of polyphase
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component filters, wherein the plurality of polyphase com-
ponent filters form a noise shaping filter, wherein the plu-
rality of polyphase component filters is configured to gen-
erate the plurality of polyphase component dither signals.

In example 23, the subject matter of example 22 may
optionally include the plurality of polyphase component
filters being at least partially cross-coupled.

In example 24, the subject matter of any of the examples
22 or 23 may optionally include a first polyphase component
filter of the plurality of polyphase component filters being
configured to generate a first filter signal, wherein a second
polyphase component filter of the plurality of polyphase
component filters comprises a first polyphase filter element
configured to generate a second filter signal, wherein the
second polyphase component filter comprises an adder to
combine the first filter signal and the second filter signal to
obtain a second polyphase component dither signal of the
plurality of polyphase component dither signals.

In example 25, the subject matter of example 24 may
optionally include the adder of a second polyphase circuit of
the plurality of polyphase circuits being configured to super-
impose a second polyphase component phase ramp signal of
the plurality of polyphase component phase ramp signals
with the second polyphase component dither signal.

In example 26, the subject matter of example 25 may
optionally include the adder of the second polyphase circuit
being configured to superimpose the second polyphase com-
ponent phase ramp signal with the second polyphase com-
ponent dither signal by subtracting the second polyphase
component dither signal from the second polyphase com-
ponent phase ramp signal.

In example 27, the subject matter of any of the examples
24 to 26 may optionally include the first polyphase compo-
nent filter comprising a second polyphase filter element
configured to generate the first filter signal.

In example 28, the subject matter of any of the examples
24 to 27 may optionally include the first polyphase compo-
nent filter further comprising a third polyphase filter element
configured to generate a third filter signal, wherein the
second polyphase component filter is configured to generate
a fourth filter signal, and wherein the first polyphase com-
ponent filter comprises an adder to combine the third filter
signal and the fourth filter signal to obtain a first polyphase
component dither signal of the plurality of polyphase com-
ponent dither signals.

In example 29, the subject matter of example 28 may
optionally include the adder of a first polyphase circuit of the
plurality of polyphase circuits being configured to superim-
pose a first polyphase component phase ramp signal of the
plurality of polyphase component phase ramp signals with
the first polyphase component dither signal.

In example 30, the subject matter of example 29 may
optionally include the adder of the first polyphase circuit
being configured to superimpose the first polyphase com-
ponent phase ramp signal with the second polyphase com-
ponent dither signal by subtracting the first polyphase com-
ponent dither signal from the first polyphase component
phase ramp signal.

In example 31, the subject matter of any of the examples
28 to 30 may optionally include the second polyphase
component filter comprising a fourth polyphase filter ele-
ment configured to generate the fourth polyphase component
filter signal.

In example 32, the subject matter of example 31 may
optionally include a polyphase component filter function of
the first filter element and a polyphase component filter
function of the third filter element being essentially identi-
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cal, and wherein a polyphase component filter function of
the second filter element is essentially a concatenation of a
polyphase component filter function of the fourth filter
element and a delay by one clock cycle of a frequency of the
polyphase circuits.

In example 33, the subject matter of any of the examples
22 to 32 may optionally include the plurality of polyphase
component noise shaping circuits comprising a plurality of
further polyphase component correction circuits configured
to receive the plurality of polyphase component phase ramp
signals in the superimposed form and to correct non-lineari-
ties of the digital-to-time converter in the received poly-
phase component phase ramp signals.

In example 34, the subject matter of example 33 may
optionally include the plurality of further polyphase com-
ponent correction circuits comprising at least one look-up-
table comprising data to correct the received polyphase
component phase ramp signals based on calibration data of
the digital-to-time converter.

In example 35, the subject matter of any of the examples
1 to 34 may optionally include an oscillator being configured
to generate the oscillator signal, wherein the oscillator
comprises a phase-locked loop circuit and a single reference
oscillator circuit driving the a phase-locked loop circuit.

In example 36, the subject matter of example 35 may
optionally include the oscillator comprising a single phase-
locked loop circuit or a plurality of phase-locked loop
circuits driven by the single reference oscillator circuit.

Example 37 is an integrated circuit comprising a digital-
to-time converter configured to receive an oscillator signal
and to generate a processed oscillator signal based on the
received oscillator signal in response to a control signal, and
a time-interleaved control circuit configured to generate the
control signal based on a time-interleaved technique.

In example 38, the subject matter of example 37 may
optionally include a mixer circuit coupled to the circuit to
receive the processed oscillator signal of the circuit as a local
oscillator signal.

In example 39, the subject matter of example 38 may
optionally include the integrated circuit comprising a termi-
nal configured to couple an antenna to the mixer circuit.

Example 40 is a transmitter, a receiver or a transceiver
comprising a circuit, the circuit comprising a digital-to-time
converter configured to receive an oscillator signal and to
generate a processed oscillator signal based on the received
oscillator signal in response to a control signal, and a
time-interleaved control circuit configured to generate the
control signal based on a time-interleaved technique.

In example 41, the subject matter of example 40 may
optionally include a mixer circuit coupled to the circuit to
receive the processed oscillator signal of the circuit as a local
oscillator signal.

In example 42, the subject matter of example 41 may
optionally include an antenna coupled to the mixer circuit.

Example 43 is a method for generating a processed
oscillator signal based on an oscillator signal, the method
comprising receiving the oscillator signal, generating a
control signal based on a time-interleaved technique, and
generating the processed oscillator signal by using a digital-
to-time converter delaying the received oscillator signal in
response to the control signal.

In example 44, the subject matter of example 43 may
optionally include generating the control signal comprising
receiving a frequency offset signal and generating a plurality
of polyphase signals, each polyphase signal corresponding
to a phase shift with respect to the processed oscillator
signal, wherein generating the control signal further com-
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prises generating the control signal by combining the poly-
phase signals in the proper phase.

In example 45, the subject matter of any of the examples
43 or 44 may optionally include generating the control
signal comprising generating a plurality of polyphase signals
and multiplexing the plurality of polyphase signals to gen-
erate the control signal in the proper phase.

In example 46, the subject matter of any of the examples
43 to 45 may optionally include generating a plurality of
polyphase signals comprising receiving a frequency offset
signal and integrating the received frequency offset signal to
generate a plurality of polyphase component phase ramp
signals.

In example 47, the subject matter of any of the examples
44 to 46 may optionally include the frequency offset signal
being a constant or quasi-constant frequency offset signal.

In example 48, the subject matter of any of the examples
46 or 47 may optionally include generating the plurality of
polyphase signals comprising adjust the polyphase compo-
nent phase ramp signals to correct non-linearities of the
digital-to-time converter.

In example 50, the subject matter of example 48 may
optionally include correcting the polyphase component
phase ramp signals being based on calibration data of the
digital-to-time converter.

In example 50, the subject matter of any of the examples
46 to 49 may optionally include generating a plurality of
polyphase signals comprising noise shaping the plurality of
polyphase component phase ramp signals.

In example 51, the subject matter of example 50 may
optionally include noise shaping the plurality of polyphase
component phase ramp signals comprising generating a
plurality of polyphase component dither signals and super-
imposing the plurality of polyphase component dither sig-
nals with the polyphase component phase ramp signals.

In example 51, the subject matter of example 51 may
optionally include generating the plurality of polyphase
component dither signals comprising filtering the plurality
of polyphase component phase ramp signals in the super-
imposed form.

In example 53, the subject matter of any of the examples
51 or 52 may optionally include generating the plurality of
polyphase component dither signals comprising correcting
non-linearities of the digital-to-time converter in the poly-
phase component phase ramp signals.

In example 54, the subject matter of any of the examples
43 to 53 may optionally include generating the oscillator
signal using a phase-locked loop circuit driven by a single
reference oscillator circuit driving the a phase-locked loop
circuit.

In example 55, the subject matter of example 54 may
optionally include generating the oscillator signal compris-
ing generating a plurality of oscillator signals using a single
phase-locked loop circuit or a plurality of phase-locked loop
circuits driven by the single reference oscillator circuit.

Example 56 is an apparatus for generating a processed
oscillator signal based on an oscillator signal, the apparatus
comprising a means for receiving the oscillator signal, a
means for generating the processed oscillator signal by using
a digital-to-time converter delaying the received oscillator
signal in response to a control signal, and a means for
generating the control signal based on a time-interleaved
technique.

In example 57, the subject matter of example 56 may
optionally include the means for generating the control
signal comprising a means for receiving a frequency offset
signal and a means for generating a plurality of polyphase
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signals, each polyphase signal corresponding to a phase shift
with respect to the processed oscillator signal, wherein the
means for generating the control signal further comprises a
means for generating the control signal by combining the
polyphase signals in the proper phase.

In example 58, the subject matter of any of the examples
56 or 57 may optionally include the means for generating the
control signal comprising a means for generating a plurality
of polyphase signals and a means for multiplexing the
plurality of polyphase signals to generate the control signal
in the proper phase.

In example 59, the subject matter of any of the examples
56 to 58 may optionally include the means for generating a
plurality of polyphase signals comprising a means for
receiving a frequency offset signal and a means for integrat-
ing the received frequency offset signal to generate a plu-
rality of polyphase component phase ramp signals.

In example 60, the subject matter of any of the examples
56 to 59 may optionally include the frequency offset signal
being a constant or quasi-constant frequency offset signal.

In example 61, the subject matter of any of the examples
56 to 60 may optionally include the means for generating the
plurality of polyphase signals comprising a means for adjust
the polyphase component phase ramp signals to correct
non-linearities of the digital-to-time converter.

In example 62, the subject matter of example 61 may
optionally include the means for correcting the polyphase
component phase ramp signals being based on calibration
data of the digital-to-time converter.

In example 63, the subject matter of any of the examples
56 to 62 may optionally include the means for generating a
plurality of polyphase signals comprising a means for noise
shaping the plurality of polyphase component phase ramp
signals.

In example 64, the subject matter of example 63 may
optionally include the means for noise shaping the plurality
of polyphase component phase ramp signals comprising a
means for generating a plurality of polyphase component
dither signals and a means for superimposing the plurality of
polyphase component dither signals with the polyphase
component phase ramp signals.

In example 65, the subject matter of example 64 may
optionally include the means for generating the plurality of
polyphase component dither signals comprising a means for
filtering the plurality of polyphase component phase ramp
signals in the superimposed form.

In example 66, the subject matter of any of the examples
64 or 65 may optionally include the means for generating the
plurality of polyphase component dither signals comprising
a means for correcting non-linearities of the digital-to-time
converter in the polyphase component phase ramp signals.

In example 67, the subject matter of any of the examples
56 to 66 may optionally include a means for generating the
oscillator signal comprising a phase-locked loop circuit and
a single reference oscillator circuit driving the a phase-
locked loop circuit.

In example 68, the subject matter of example 67 may
optionally include the means for generating the oscillator
signal comprising a single phase-locked loop circuit or a
plurality of phase-locked loop circuits driven by the single
reference oscillator circuit.

Example 69 is a machine readable storage medium
including program code, when executed, to cause a machine
to perform the method of any one of the examples 43 to 55.
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Example 70 is a machine readable storage including
machine readable instructions, when executed, to implement
a method or realize an apparatus as described in any pending
of the examples.

Example 71 is a computer program having a program
code for performing any of the methods of the examples 43
to 55, when the computer program is executed on a com-
puter or processor.

Examples may, therefore, provide a computer program
having a program code for performing one of the above
methods, when the computer program is executed on a
computer or processor. A person of skill in the art would
readily recognize that steps of various above-described
methods may be performed by programmed computers.
Herein, some examples are also intended to cover program
storage devices, e.g., digital data storage media, which are
machine or computer readable and encode machine-execut-
able or computer-executable programs of instructions,
wherein the instructions perform some or all of the acts of
the above-described methods. The program storage devices
may be, e.g., digital memories, magnetic storage media such
as magnetic disks and magnetic tapes, hard drives, or
optically readable digital data storage media. The examples
are also intended to cover computers programmed to per-
form the acts of the above-described methods or (field)
programmable logic arrays ((F)PLAs) or (field) program-
mable gate arrays ((F)PGAs), programmed to perform the
acts of the above-described methods.

The description and drawings merely illustrate the prin-
ciples of the disclosure. It will thus be appreciated that those
skilled in the art will be able to devise various arrangements
that, although not explicitly described or shown herein,
embody the principles of the disclosure and are included
within its spirit and scope. Furthermore, all examples recited
herein are principally intended expressly to be only for
pedagogical purposes to aid the reader in understanding the
principles of the disclosure and the concepts contributed by
the inventor(s) to furthering the art, and are to be construed
as being without limitation to such specifically recited
examples and conditions. Moreover, all statements herein
reciting principles, aspects, and examples of the disclosure,
as well as specific examples thereof, are intended to encom-
pass equivalents thereof.

Functional blocks denoted as “means for . . . ” (perform-
ing a certain function) shall be understood as functional
blocks comprising circuitry that is configured to perform a
certain function, respectively. Hence, a “means for s.th.”
may as well be understood as a “means configured to or
suited for s.th.”. A means configured to perform a certain
function does, hence, not imply that such means necessarily
is performing the function (at a given time instant).

Functions of various elements shown in the figures,
including any functional blocks labeled as “means”, “means
for providing a sensor signal”, “means for generating a
transmit signal.”, etc., may be provided through the use of
dedicated hardware, such as “a signal provider”, “a signal
processing unit”, “a processor”, “a controller”, etc. as well
as hardware capable of executing software in association
with appropriate software. Moreover, any entity described
herein as “means”, may correspond to or be implemented as
“one or more modules”, “one or more devices”, “one or
more units”, etc. When provided by a processor, the func-
tions may be provided by a single dedicated processor, by a
single shared processor, or by a plurality of individual
processors, some of which may be shared. Moreover,
explicit use of the term “processor” or “controller” should
not be construed to refer exclusively to hardware capable of
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executing software, and may implicitly include, without
limitation, digital signal processor (DSP) hardware, network
processor, application specific integrated circuit (ASIC),
field programmable gate array (FPGA), read only memory
(ROM) for storing software, random access memory
(RAM), and non-volatile storage. Other hardware, conven-
tional and/or custom, may also be included.

It should be appreciated by those skilled in the art that any
block diagrams herein represent conceptual views of illus-
trative circuitry embodying the principles of the disclosure.
Similarly, it will be appreciated that any flow charts, flow
diagrams, state transition diagrams, pseudo code, and the
like represent various processes which may be substantially
represented in computer readable medium and so executed
by a computer or processor, whether or not such computer
or processor is explicitly shown.

Furthermore, the following claims are hereby incorpo-
rated into the Detailed Description, where each claim may
stand on its own as a separate example. While each claim
may stand on its own as a separate example, it is to be noted
that—although a dependent claim may refer in the claims to
a specific combination with one or more other claims—other
examples may also include a combination of the dependent
claim with the subject matter of each other dependent or
independent claim. Such combinations are proposed herein
unless it is stated that a specific combination is not intended.
Furthermore, it is intended to include also features of a claim
to any other independent claim even if this claim is not
directly made dependent to the independent claim.

It is further to be noted that methods disclosed in the
specification or in the claims may be implemented by a
device having means for performing each of the respective
acts of these methods.

Further, it is to be understood that the disclosure of
multiple acts or functions disclosed in the specification or
claims may not be construed as to be within the specific
order. Therefore, the disclosure of multiple acts or functions
will not limit these to a particular order unless such acts or
functions are not interchangeable for technical reasons.
Furthermore, in some examples a single act may include or
may be broken into multiple sub acts. Such sub-acts or
sub-processes may be included and be part of such a single
act or process, unless explicitly excluded.

The invention claimed is:

1. A circuit comprising:

a digital-to-time converter configured to receive an oscil-
lator signal and to generate a processed oscillator signal
based on the received oscillator signal in response to a
control signal; and

a time-interleaved control circuit configured to generate
the control signal based on a time-interleaved tech-
nique,

wherein the control circuit is configured to receive a
frequency offset signal and to generate a plurality of
polyphase signals, each polyphase signal correspond-
ing to a phase shift with respect to the processed
oscillator signal, wherein the control circuit is further
configured to generate the control signal by combining
the polyphase signals in the proper phase.

2. The circuit according to claim 1, wherein the control

circuit is a fully digital circuit.

3. A circuit comprising:

a digital-to-time converter configured to receive an oscil-
lator signal and to generate a processed oscillator signal
based on the received oscillator signal in response to a
control signal; and
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a time-interleaved control circuit configured to generate
the control signal based on a time-interleaved tech-
nique,

wherein the control circuit comprises a plurality of at least
partially cross-coupled polyphase circuits, each poly-
phase circuit being configured to generate a polyphase
signal, and wherein the control circuit further com-
prises a multiplexer configured to combine the poly-
phase signals by multiplexing the plurality of poly-
phase signals to generate the control signal in the
proper phase.

4. The circuit according to claim 3, wherein the multi-
plexer is configured to operate at a frequency of the pro-
cessed oscillator signal, and wherein the plurality of the
polyphase circuits is configured to operate at a frequency
lower than the frequency of the processed oscillator signal.

5. The circuit according to claim 4, wherein the plurality
of the polyphase circuits is configured to operate at a
frequency being equal to the frequency of the processed
oscillator signal divided by a total number of the polyphase
circuits of the plurality of polyphase circuits.

6. The circuit according to claim 3, wherein the plurality
of polyphase circuits comprises a plurality of polyphase
component integrator circuits configured to receive a fre-
quency offset signal and to integrate the received frequency
offset signal to generate a plurality of polyphase component
phase ramp signals, wherein the plurality of polyphase
component integrator circuits form an integrator configured
to integrate the frequency offset signal.

7. The circuit according to claim 6, wherein the plurality
of polyphase component integrator circuits comprises a first
polyphase component integrator circuit configured to gen-
erate a first polyphase component phase ramp signal of the
plurality of polyphase component phase ramp signals and a
second polyphase component integrator circuit configured to
generate a second polyphase component phase ramp signal
of the plurality of polyphase component phase ramp signals,
wherein the first polyphase component integrator circuit
comprises an adder configured to add the received frequency
offset signal to the second polyphase component phase ramp
signal.

8. The circuit according to claim 7, wherein the second
polyphase component integrator circuit comprises an adder
configured to add the received frequency offset signal to the
first polyphase component phase ramp signal and a delay
circuit to configured to delay an output of the adder of the
second polyphase component integrator circuit by one clock
cycle of a frequency of the polyphase circuits, wherein the
delay circuit is configured to generate the second polyphase
component phase ramp signal.

9. The circuit according to claim 7, wherein a first
polyphase circuit of the plurality of polyphase circuits
comprises the first polyphase component integrator circuit,
and wherein a second polyphase circuit of the plurality of
polyphase circuits comprises the second polyphase compo-
nent integrator circuit.

10. The circuit according to claim 1, wherein the control
circuit is configured to process a constant or quasi-constant
frequency offset signal.

11. The circuit according to claim 6, wherein the plurality
of polyphase circuits comprises a plurality of polyphase
component correction circuits coupled to the plurality of
polyphase component integrator circuits, wherein the plu-
rality of polyphase component correction circuits is config-
ured to receive the polyphase component phase ramp signals
and to adjust the received polyphase component phase ramp
signals to obtain the plurality of polyphase signals, wherein
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the plurality of polyphase component correction circuits is
configured to correct non-linearities of the digital-to-time
converter.

12. The circuit according to claim 11, wherein the plu-
rality of polyphase component correction circuits comprise
at least one look-up-table comprising data to correct the
received polyphase component phase ramp signals based on
calibration data of the digital-to-time converter.

13. The circuit according to claim 6, wherein the control
circuit further comprises a time-interleaved noise shaping
circuit configured to generate a plurality of polyphase com-
ponent dither signals, and wherein the plurality of polyphase
circuits further comprise a plurality of adders coupled to the
plurality of polyphase component integrator circuits and
configured to superimpose the plurality of polyphase com-
ponent phase ramp signals with the plurality of polyphase
component dither signals.

14. The circuit according to claim 13, wherein the time-
interleaved noise shaping circuit is configured to receive the
plurality of polyphase component phase ramp signals in the
superimposed form and to generate the plurality of poly-
phase component dither signals based on the received poly-
phase component phase ramp signals in the superimposed
form.

15. The circuit according to claim 14, wherein the time-
interleaved noise shaping circuit comprises a plurality of
polyphase component noise shaping circuits configured to
generate the plurality of polyphase component dither sig-
nals, wherein the plurality of polyphase component noise
shaping circuits form a noise shaper.

16. The circuit according to claim 15, wherein the plu-
rality of polyphase component noise shaping circuits com-
prise a plurality of polyphase component filters, wherein the
plurality of polyphase component filters form a noise shap-
ing filter, wherein the plurality of polyphase component
filters is configured to generate the plurality of polyphase
component dither signals.

17. The circuit according to claim 16, wherein the plu-
rality of polyphase component noise shaping circuits com-
prise a plurality of further polyphase component correction
circuits configured to receive the plurality of polyphase
component phase ramp signals in the superimposed form
and to correct non-linearities of the digital-to-time converter
in the received polyphase component phase ramp signals.

18. The circuit according to claim 17, wherein the plu-
rality of further polyphase component correction circuits
comprises at least one look-up-table comprising data to
correct the received polyphase component phase ramp sig-
nals based on calibration data of the digital-to-time con-
verter.

19. A circuit comprising:

a digital-to-time converter configured to receive an oscil-
lator signal and to generate a processed oscillator signal
based on the received oscillator signal in response to a
control signal;

a time-interleaved control circuit configured to generate
the control signal based on a time-interleaved tech-
nique; and

an oscillator configured to generate the oscillator signal,
wherein the oscillator comprises a phase-locked loop
circuit and a single reference oscillator circuit driving
the phase-locked loop circuit.

20. The circuit according to claim 19, wherein the oscil-
lator comprises a single phase-locked loop circuit or a
plurality of phase-locked loop circuits driven by the single
reference oscillator circuit.
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21. A transmitter, a receiver or a transceiver comprising a

circuit, the circuit comprising:

a digital-to-time converter configured to receive an oscil-
lator signal and to generate a processed oscillator signal
based on the received oscillator signal in response to a 5
control signal; and

a time-interleaved control circuit configured to generate
the control signal based on a time-interleaved tech-
nique,

wherein the control circuit is configured to receive a 10
frequency offset signal and to generate a plurality of
polyphase signals, each polyphase signal correspond-
ing to a phase shift with respect to the processed
oscillator signal, wherein the control circuit is further
configured to generate the control signal by combining 15
the polyphase signals in the proper phase.
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